We demonstrate terahertz quantum-cascade lasers with a 30 µm thick double-metal waveguide, which are fabricated by stacking two 15 µm thick active regions using a wafer bonding process. By increasing the active region thickness more optical power is generated inside the cavity, the waveguide losses are decreased and the far-field is improved due to a larger facet aperture. In this way the output power is increased by significantly more than a factor of 2 without reducing the maximum operating temperature and without increasing the threshold current.
Introduction
Since their first demonstration in 2001 [1] much effort has been put into increasing the performance of terahertz (THz) quantum cascade lasers (QCLs). Due to their small size and high output power, these devices are very attractive for multiple applications in the THz spectral region, for example in the field of industrial material inspection, security, biological or medical sciences and for information and communication technology [2] . One of the main challenges is to improve the temperature performance in order to reach a regime where thermoelectric cooling is possible. One approach is by optimizing the active region. The maximum operating temperature of 199.5 K [3] is achieved using an optimized 3 well resonant phonon design, where the lower laser level is depopulated via the inelastic emission of a longitudinal optical (LO) phonon. Another promising alternative involves switching from the commonly used GaAs/AlGaAs material system to one with lower effective mass, in order to achieve higher optical gain. THz QCLs in the InGaAs/InAlAs [4] or InGaAs/GaAsSb [5] material systems were demonstrated previously. So far GaAs/AlGaAs THz QCLs still outperform devices based on other material systems.
Besides the active region, the waveguide is very important for the performance of THz QCLs. The highest operating temperature is achieved by using double-metal (DM) waveguides [6] , where the light is guided in the active region between 2 metal layers. Using this concept various resonator types can be fabricated for example ridges, disks [7] or photonic crystals [8] . One drawback of this concept is that the light is quenched in a sub-wavelength structure, which leads to a large mismatch of the cavity mode to the free space mode. Thus the reflectivity is increased, but on the other hand the outcoupled power is decreased. The highest output power is achieved with a single plasmon waveguide, where the light is confined between a top metal layer and a highly doped layer on the bottom. The confinement of the mode is weaker at the bottom thus it leaks into the substrate. This leads to a better match with the free space mode and thus to a lower facet reflectivity. With this concept, output powers of up to 248 mW in pulsed mode are achieved [9] . However, one disadvantage is the lower confinement factor when compared to DM waveguides, increasing the threshold current and thus reducing the temperature performance. Other approaches to tailor the outcoupled power and to improve the far-field are by using third order DFB structures [10] , surface emitting DFB ring resonators [11] or photonic crystal resonators [12] which can be implemented in a DM waveguide geometry. These concepts require the approprite design of the resonator.
An increased active region thickness decreases the waveguide losses, improves the matching of the guided cavity-and the free space mode and increases the generated light in the cavity. Since the growth of thick structures by molecular beam epitaxy (MBE) would take unreason-ably long time, we use a wafer bonding step to directly bond 2 active region samples together without any intermediate layer. This concept has already been employed for combining different semiconductor material systems [13] [14] . We utilize a DM waveguide in order to obtain a high confinement of the optical mode. We show that the collected output power is increased by significantly more than a factor of 2 when compared to a device with single active region, without affecting the temperature performance. Furthermore the far-field is improved due to the larger aperture of the laser facet without the need to design an elaborate DFB or photonic crystal structure.
THz QCLs with increased waveguide thickness
We calculate the waveguide losses and intensity distribution of a double-metal waveguide using a one dimensional waveguide solver. We assume an emission frequency of 4.2 THz, which has been obtained from measurements. The active region is assumed to be lossless, while the gold layers are modelled using Drude parameters [15] . Figure 1(a) shows the calculated intensity of the TEM mode in the active region between the two gold waveguide layers for a 15 µm thick active region (red solid line). The dashed black line indicates the absolute value of the refractive index of the respective material. For the 30 µm thick wafer bonded THz QCL, the highly doped top and bottom contact layers at the bonding interface are not removed. Therefore a 165 nm thick n+ doped layer is located between the bonded samples, leading to a drop in the intensity, which can be seen in Fig. 1(b) . The calculations show that increasing the thickness of a DM waveguide from 15 µm to 30 µm leads to a reduction of the waveguide losses by nearly a factor of 2. The highly doped n+ GaAs layer between the bonded active regions as well as the top and bottom contact layers have a neglectable influence on the total waveguide losses.
We investigate the influence of the waveguide thickness on the reflectivity using a commercial finite element solver [16] . We make use of a 2-dimensional model, assuming a bottom contact layer, which extends beyond the laser facet, modelling a device with facets defined by reactive ion etching (RIE). In Fig. 1(c) the reflectivity of a DM waveguide is plotted versus the active region thickness for a frequency of 4.2 THz. The blue dotted lines indicate the values for the experimentally investigated active region thicknesses. The reflectivity shows a minimum at 20 µm and oscillates with increasing waveguide thickness. This can be attributed to resonant effects, which have been already described theoretically [17] .
It can be seen that at an emission frequency of 4.2 THz the reflectivity of a 15 µm and a 30 µm thick waveguide is almost equal. Therefore we have chosen an active region emitting at this frequency, allowing us to neglect the influence of the reflectivity on the experimentally obtained output power and temperature performance.
Fabrication
The active region is based on a 4-well resonant phonon depletion design [18] which has been grown via MBE in the GaAs/Al 0.15 Ga 0.85 As material system on a GaAs substrate. The structure is repeated 271 times giving a total thickness of 15 µm . The designed emission frequency is 4.2 THz. In order to improve the contact resistance n+ doped GaAs contact layers have been grown on top and bottom of the active region with 60 nm and a 100 nm thickness respectively with an additional 5 nm thick n+ doped In 50 Ga 50 As layer on the top contact. We coat the active region with gold in order to attach it with the epitaxial side down to a carrier substrate via a gold-gold thermo-compression bonding process using a commercial wafer bonding system (EVG 501). Then the substrate is removed by a polishing/ etching step. After thorough surface cleaning and oxide removal a second piece of the wafer with the epitaxially grown active region is bonded directly on top of the first one by direct wafer bonding using the same system (EVG 501) as in the thermo-compression bonding step. We apply a pressure of 2 MPa at a temperature of 420 • C. For this step no additional adhesion or metal layer is used in between the two samples. The active regions are both stacked with the epitaxial side down in order to be operated in the same direction. In this way we fabricate a 30 µm thick active region. After substrate removal ridge resonators are defined from the material using RIE, where the top gold layer of the DM waveguide acts as etch mask. We employ etched facets where the bottom contact layer extends over the edges of the device. Figure 1(d) shows a SEM picture of a wafer bonded THz QCL with a width of 120 µm . The wafer bonding interface can be clearly seen because of slight under etching of the top active region due to the RIE process.
Experimental results and discussion
The fabricated devices are mounted in a liquid helium flow cryostat which is attached to a FTIR spectrometer. The temperature dependent integral measurements and spectral characteristics are recorded using a pyroelectric (DTGS) detector. The peak values of the power in the measured voltage-light vs. current density (VLI) plots are adjusted to the absolute power measured using a calibrated thermopile detector, mounted inside the cryostat in close vicinity (2 mm) to the devices. The output power values are uncorrected regarding the collection efficiency. In Fig. 2 the measured VLI plots at different temperatures for a device with (a) 15 µm and (b) 30 µm active region thickness are depicted. The QCLs are operated in pulsed mode with 200 ns pulse duration and 10 kHz repetition frequency, gated with 10 Hz.
The measurements show that the maximum operating temperature is comparable for both active region thicknesses, which can be attributed to the low threshold current of the active region, leading to low heat dissipation inside the cavity. The threshold current densities are comparable as well.
The threshold voltage is twice as high for a 30 µm thick device compared to a 15 µm device. This indicates an excellent electrical interface quality in terms of a low contact voltage between the bonded active regions. In Table 1 the maximum measured output power for devices with different dimensions is shown. The devices are operated at a temperature of 6 K heat sink temperature in pulsed mode with 200 ns pulse duration and 200 kHz repetition frequency. The measured output power of the wafer bonded devices is significantly more than 2 times higher compared to devices with single active region. Thus by doubling the electrical input power, the optical output power is increased by a factor larger than 2. This is in part due to the doubled active material, producing twice as much optical gain inside the cavity. Furthermore the waveguide losses are reduced for waveguides with increased thickness and the far-field is improved due to the larger facet aperture, leading to a better collection efficiency at the detector. The maximum measured output powers are 5 mW for a 15 µm device and 17 mW for a 30 µm device.
Active region thickness (µm )
Device dimension (µm ) 15 30 1000 x 120 5 mW 13 mW 1000 x 60 2.5 mW 17 mW 500 x 120 2 mW 7 mW 500 x 60 1.4 mW 6 mW Table 1 . Maximum output power of devices with different dimensions and 15 µm and 30 µm active region thickness respectively. The maximum value of a 30 µm thick device is larger by significantly more than a factor of 2 compared to a single active region device.
We have measured the far-field of 15 µm and 30 µm thick devices using a pyroelectric detector, which is mounted on a 2-dimensional translation stage. The detector is placed in front of the TPX cryostat window at a distance of 6.5 cm to the laser facet. The QCL is operated at the bias voltage corresponding to the maximum output power in pulsed mode with 2 µs pulse duration and 100 kHz repetition frequency, gated with 25 Hz. The measured data are transformed into angular coordinates. The measured intensities are corrected for the projection on a sphere. Figure 3 shows the measured far-field pattern for a device with (a) 15 µm and (b) 30 µm active region thickness. The resonators are of similar dimensions and both devices show single mode emission at 4.2 THz.
It can be seen that the fringes, originating from the interference with the emission from the back facet, are much less pronounced for the device with 30 µm waveguide thickness. This reduced fringe visibility is attributed to a better collimated output beam due to the larger facet aperture. The maximum of the emission intensity is at an angle of ϑ = 15 • , which is due to the reflection at the extended gold bottom contact layer. In the lower part of Fig. 3 (a) and (b) the cross section of the measured far-field plots in the symmetry plane (indicated by the dashed line) is compared to a 2-dimensional simulation, which is performed using a commercial finite element solver [16] . The simulation matches the measured data and confirms the improved far-field in terms of a reduced interference pattern. The lower plots show the intensity along the dashed line, which is compared to a 2-dimensional finite-element simulation. The far-field is improved significantly for the thick device in terms of a reduced fringe visibility and a better collimated beam, which is also confirmed by the simulation.
Conclusion
We have fabricated THz QCLs with a 30 µm thick DM waveguide by direct wafer bonding of two identical 15 µm thick active regions. Calculations show that the waveguide losses are reduced by increasing the waveguide thickness. The threshold current density and operating temperature of 30 µm thick devices are comparable to the values of single active region devices. The threshold voltage is only increased by a factor of 2 indicating an excellent bonding interface with negligible contact resistance. The measured output power is increased by more than a factor of 2, which can be attributed to the lower waveguide losses and the improved far-field due to the increased facet aperture. In this way high power THz QCLs can be fabricated from stacked active regions with commonly used thickness, without the drawback of lower maximum operating temperature and increased threshold current of surface plasmon waveguides.
